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Design optimization is performed for a scramjet-powered vehicle that ascends along a tra-
jectory with constant dynamic pressure from Mach 7 to Mach 13. The net acceleration is
free during the trajectory, and the optimum acceleration profile is dependent on the ve-
hicle design. To perform this analysis, a new reduced-order model (MASIV) is used that
can evaluate the forces and moments on the vehicle in about five seconds on a single com-
puter while accounting for wave interactions, fuel-air mixing, finite-rate chemistry, and
other complex physical phenomena. It is found that the optimum acceleration is close to
the maximum acceleration that the vehicle can attain. To minimize the fuel consumed for
the entire ascent trajectory, there is a trade-off between performance and robustness to
variations in angle of attack.
I. Introduction
Among the applications of an air-breathing hypersonic vehicle, a common phase of flight is acceleration
from one flight Mach number to a higher flight Mach number. While it is possible to design a cruiser to
operate at a single velocity throughout the flight if it is accelerated to its cruise condition by other means of
propulsion, hypersonic cruise vehicles typically perform part of the acceleration using the ramjet or scram-
jet propulsion system to reduce total fuel consumption. Furthermore, the optimum cruise Mach number
may increase throughout the flight as the vehicle burns fuel and becomes lighter. For a hypersonic vehicle
designed for access to space, acceleration is the primary objective of the mission.
Previously, the optimization of the ascent of a hypersonic vehicle was performed by Calise et al. [1],
Corban et al. [2], Powell et al. [3], Olds and Budianto [4], McGinnis [5], and Lu [6,7]. Their vehicle models
use empirical or algebraic formulas for combustion and inlet efficiencies, and ignored important couplings
such as the sensitivity of thrust to angle of attack. They employed some unrealistic assumptions, for example
that lift is proportional to angle of attack. Except for [3], these previous studies did not account for trim drag.
For many vehicles, such as the geometry used in this work, an increase in thrust raises the pressure on the
nozzle surface, which contributes directly to lift. This is just one example of a coupling that was ignored in
many previous hypersonic vehicle ascent studies.
Because of the integration among the various parts of hypersonic vehicles, optimization considering
several disciplines of vehicle performance and modeling (for example propulsion and flight dynamics) is
highly relevant. This technique is called multidisciplinary design optimization (MDO), and it has been
applied to hypersonic vehicles [8].
Many objective functions have been used for design optimization of hypersonic vehicles. The optimiza-
tion is usually tailored to the mission for which the vehicle is intended. For transport vehicles, air-breathing
range is an ideal objective function [8]. Fuel consumption at a cruise condition can be used as an approxima-
tion. However, compared to low-speed aircraft, hypersonic vehicles have more fuel as a fraction of vehicle
mass. As a result, the lift-to-drag ratio varies significantly throughout the mission, and varying CL/CD has
significant impact on the range, for example [9].
Some authors [10–12] have also considered the challenging problem of multiobjective optimization.
Optimization with multiple objectives is often difficult to interpret, but it can be used to identify tradeoffs in
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Figure 2. MAX-1 engine flowpath dimensions. Engine width is 2.143 m.
the design space.
Much of the literature on optimization in the field of hypersonics focuses on the design of individual
components, often at individual operating conditions. Smart [13] demonstrated a highly useful algorithm
for optimizing two-dimensional scramjet inlets under just those assumptions. With the ability to rapidly
compute performance at off-design conditions, we showed that such inlet designs have very poor perfor-
mance for even small perturbations from the design conditions [14, 15]. Brown et al. [16] discussed robust
optimization to mitigate this result. In [15, 17], we present an approach to the inlet design problem that
addresses these issues directly with constraints on shock interactions. However, an inlet with fewer shock
interactions and less drag may not necessarily result in better overall performance of the vehicle.
The primary goal of this work is to identify changes to the vehicle design that reduce the total fuel
consumption required to accelerate from Mach 7 to Mach 13. The assumption of constant dynamic pressure
is maintained for two reasons: the engine tends to prefer lower altitudes (higher dynamic pressures) because
the higher air density leads to increased thrust, but there is a limit to how much dynamic pressure the
structure can withstand [2]. At high Mach numbers the constraint on altitude will be aerodynamic heating,
which is proportional to ρV3, but that constraint is not considered in this work.
To perform the design optimization in this work, a parametrized geometry is used. The baseline geom-
etry is shown in Figs. 1 and 2, but changes to the geometry can be made using 40 design variables. For
each vehicle configuration, an operating map is made that tabulates the required control variables to trim the
vehicle for each combination of Mach number, acceleration, and fuel mass. Then the optimum acceleration
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u (control variables) x (flight condition)
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.
Figure 3. Overview of information flow within the MASTrim program. White blocks represent inputs and outputs, and
solid lines show the flow of information to and from these inputs and outputs. Dark blocks represent models not specific to
the vehicle, and the gray blocks represent vehicle component models. Dotted lines show information about gas states, and
dashed lines show force & moment information.
as a function of Mach number is calculated using the operating map as a surrogate.
The layout of the remainder of the paper is as follows. Section II provides an overview of the Michi-
gan/AFRL Scramjet In Vehicle (MASIV) model used for this work. Section III describes a procedure for
optimizing the acceleration profile along an ascent trajectory with constant dynamic pressure, while the ef-
fects of various changes to the design on both performance and stability are investigated in Sec. IV. Finally,
results of the design optimization are presented in Secs. V and VI.
II. Dual-Mode Ramjet-Scramjet Vehicle Model
The MASIV/MASTrim model has been the subject of many previous papers [14,17–22] and is used for this
work. Figure 1 illustrates the generic hypersonic vehicle design used for the present work, and the name
“MAX-1” is associated with this vehicle. The propulsive system of the MAX-1 is approximately the same
size as the vehicle itself, and can be broken into four components.
An inlet provides both lift for the vehicle to maintain level flight and compression to ensure efficient
combustion. This is followed by a constant-area isolator section that separates the inlet from the combustor
area where the fuel injection and heat addition occurs. Finally, the exhaust products are allowed to expand in
an external nozzle area. These components and the respective dimensions for the MAX-1 vehicle are shown
in Fig. 2. The mass properties of the MAX-1 vehicle are given in Table 1, and sample solutions from the
inlet and nozzle are shown in Fig. 4.
Figure 3 shows how information is passed to and from each component in the MASTrim code. In Fig. 3,
there are three types of blocks and three types of arrows, and the information conveyed by these symbols is
explained in the caption.
The inputs to the simulation consist of states (x, also referred to as the flight condition) and a vector of
control variables (u). The flight condition is fed into an atmospheric model that determines the freestream
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d) Nozzle cowl region
Figure 4. Contours of temperature in Kelvins at a trimmed Mach 8 flight condition calculated using SAMURI.
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Table 1. Mass properties of vehicle.
Symbol Name Value
operational empty mass 1.93 × 104 kg
maximum fuel mass 2.38 × 104 kg
Ixx specific moment of inertia 2.33 m2
Iyy specific moment of inertia 36.23 m2
Izz specific moment of inertia 37.90 m2
Ixz specific product of inertia 0.54 m2
xcg center of mass location −12.88 m
zcg center of mass location 0.17 m
air conditions needed for the inlet and external aerodynamics solvers. The four engine components are
shown at left in a diagonal pattern. The force and moment created by each of the four engine components
is calculated individually, as indicated by the dashed lines in Fig. 3. External pressures and viscous effects
naturally provide another source of forces on the vehicle, and this is represented by the fifth input to the
forces & moments block.
Finally, the outputs of the model consist mostly of accelerations and angular accelerations. Calculating
these requires more than simply dividing the net forces by the mass or multiplying the inverse of the inertia
tensor by the net moments. Instead, the six-degree-of-freedom equations of motion for a rotating ellipsoidal
Earth are used.
III. Accelerating Trajectory Optimization
We define an altitude profile in the velocity in the velocity-altitude plane as a function
h = h(V) (1)
such that the altitude is determined as a function of V , the magnitude of the velocity of the vehicle (alterna-








is held constant, but other functions h(V) could be selected.This function h(V) does not uniquely determine
a trajectory because other variables, such as acceleration (a) can still vary. In other words, there is a function
a = a(V) (3)
that prescribes the acceleration for each velocity.
An example of such a trajectory is shown in Fig. III. The goal of this trajectory optimization is to
determine the function a(V) that minimized fuel consumption for the entire ascent.
A. Trajectory Closure
The altitude profile leads to a relationship between acceleration and flight path angle (γ). Differentiating
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Figure 5. Example trajectory defined by altitude profile, h(V), and acceleration profile, a(V).
This means that the flight path angle (or climb rate) is determined by our two functions h(V) and a(V). There






















Equating the two expressions for ḧ and solving for γ̇ cos γ gives


























this equation can be simplified to


















Each of the terms in Eq. (6) is very small, and we usually just set γ̇ = 0 during trajectory simulation.
Exceptions include very steep climbs (cos γ ≈ 0 and dh/dV  0) and sharp changes in the altitude profile
(d2h/dV2  0).
The dynamic pressure is q = 12ρV
2 where ρ is given as a function of altitude (ρ(h)) given by an atmo-
sphere model, e.g. [23]. Differentiating the dynamic pressure with respect to altitude allows one to solve for
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Substituting this into Eq. (5) gives





One appropriate objective for a trajectory that must connect two fixed flight conditions is the total fuel usage.
In this section we describe a method to calculate the total fuel consumption for a trajectory without directly
considering time. Similar approaches can be found in [7], in which the equations of motion were written
in terms of downrange distance, and [1], where it was shown that the fuel consumption could be calculated
using energy as a variable of integration. In the present work, we use velocity as the dependent variable and









Suppose that a given trajectory is parametrized by n pairs of flight conditions (M1, a1), . . . , (Mn, an),
and let V1, . . . ,Vn be the velocities corresponding to the Mach numbers M1, . . . ,Mn. A simple change of























(Vi+1 − Vi) (11)
This formulation allows the total fuel consumption to be calculated without a time-domain simulation,
but it may still be useful to calculate the time spent on each trajectory segment. In this case a second-order
approximation is




C. Example Operating Map
Consider a trajectory in which a vehicle accelerates from Mach 7 to Mach 13 with a constant dynamic
pressure of 100 kPa. Figure 6 shows two operating maps for the flight conditions along this trajectory with
an acceleration between 0 and 6 m/s2. The first map (sold black contour lines) is for the case that the vehicle
has full fuel tanks. The dashed gray lines show the trim conditions for the case that the fuel tanks are
empty. The difference in mass of the vehicle is substantial (more than 50%, see Table 1), and as a result the
fully fueled vehicle has a higher trim angle of attack. The higher angle of attack results in more drag and
approximately twice as much fuel consumption.
D. Trajectory Optimization Results
Figure 7 shows the equivalence ratio (ER) and mass fraction of oxygen in the exhaust (YO2,5) for an optimized
trajectory for the MAX-1 baseline vehicle flying at a constant dynamic pressure of 100 kPa. The results of
several trajectories with constant acceleration are shown in light gray lines for comparison.
It can be seen in Fig. 7a that the optimum trajectory is at or near the maximum acceleration that the ve-
hicle can sustain at each Mach number. (The fact that there are no gray lines above the optimum trajectory
indicates that the thick black optimum trajectory curve is the maximum acceleration.) However, the max-
imum acceleration does not occur at an equivalence ratio of approximate 1.0. Operating at an equivalence
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a) Equivalence ratio (δER).

























































b) Angle of attack (α).




































c) Elevon angle (δCE). A trailing-edge-down deflection is
positive.
Figure 6. Trimmed flight conditions with q=100 kPa. Solid black lines are for full fuel tanks and dashed gray lines are for
empty fuel tanks.
ratio of unity indicates that exactly enough fuel is injected into the combustor flow so that if all the fuel
burned it would use up all of the oxygen flowing into the combustor. However, combustion efficiencies are
not guaranteed to be near 100%, which is to say that there is no guarantee that all of the fuel injected into
the combustor will burn.
At Mach 12, if the vehicle has an acceleration of 2 m/s2, Fig. 7a shows that the equivalence ratio required
to balance the thrust and drag on the vehicle is 1.0. However, Fig. 7b shows that the exhaust still contains
6.2% oxygen by mass. This indicates that only about two thirds of the fuel is burning. Furthermore, since
there is still oxygen available for combustion, injecting more fuel continues to increase the acceleration,
which results in equivalence ratios greater than unity.
Figure 7b shows that above Mach 9, the optimum trajectory injects enough fuel so that nearly all of
the oxygen is used for combustion. However, at lower Mach numbers there is still molecular oxygen in
the exhaust even at the maximum acceleration. The reason is that the heat addition in the combustor drives
the Mach number toward unity. Adding more fuel causes thermal choking in the engine, which causes the
engine to transition into ram-mode operation, which is not considered here. However, ram-mode flight is
practical for a vehicle of the type considered in this work, so allowing for a mode transition during the
trajectory is an important aspect of this flight regime and is discussed in Sec. VI.
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a) Equivalence ratio (ER).



































b) Combustor exhaust O2 mass fraction (YO2 ,5).
Figure 7. State variables along minimum-fuel trajectory and constant-acceleration trajectories.
IV. Sensitivities to Design Parameters
Table 2 describes ten vehicle designs for which optimized ascent trajectories were computed. The total fuel
consumption for each of the vehicles are listed in Table 3.
Because the initial mass of the vehicle was not constant for all the designs, a figure of merit was intro-
duced that differs slightly from the total mass of fuel consumed. This figure of merit is called the trajectory
specific impulse, and its equation is
Isp =
V2 − V1
g ln(m1/(m1 − m f ))
(13)
where m1 is the initial mass of the vehicle, and m f is the total fuel consumption. This equation gives
the specific impulse of a rocket-powered vehicle having the same initial mass (m1) that achieved the same
change in velocity (V2−V1) using the same amount of fuel (m f ). This figure of merit is a function of the ratio
of fuel consumed to total vehicle mass (m f /m1), and thus it provides a metric that is roughly independent of
vehicle size. In Table 3, it can be seen that the vehicle that is identical to the baseline MAX-1 vehicle except
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Table 2. Description of changes to default vehicle considered for sensitivity analysis.
Vehicle Label Description
MAX-1 Baseline vehicle, as shown in Fig.s 1 and 2
r f = 0.6 Same vehicle geometry but with fuel tanks 10% more full
∆xcg = 0.05 Center of gravity shifted backward by 5% of vehicle length
∆xcg = 0.025 Center of gravity shifted backward by 2.5% of vehicle length
rp = 75 Higher inlet compression (MAX-1: rp = 70)
Mdesign = 8 Designed for lower Mach number (MAX-1: Mdesign = 9)
Mrobust = 2 Inlet less robust to changes in Mach number (MAX-1: Mrobust = 4)
αrobust = 0 Inlet less robust to changes in angle of attack (MAX-1: αrobust = 1.5◦)
ψE = 5.73◦ Increased dihedral angle (MAX-1: ψE = 2.86◦)
next = 1 Single-ramp inlet (MAX-1: next = 2)
Table 3. Trajectory fuel consumption and efficiency for several vehicle designs.
Vehicle Initial mass Initial fuel mass Fuel used Trajectory Isp
MAX-1 30355 kg 11610 kg 5881 kg 1021 s
r f = 0.6 32677 kg 13932 kg 6349 kg 1017 s
∆xcg = 0 30355 kg 11610 kg 5617 kg 1074 s
∆xcg = 0.025 30355 kg 11610 kg 5617 kg 1041 s
rp = 75 30246 kg 11569 kg 5462 kg 1103 s
Mdesign = 8 30434 kg 11400 kg 5500 kg 1102 s
Mrobust = 2 30213 kg 11556 kg 5347 kg 1128 s
αrobust = 0◦ 30844 kg 11797 kg 5517 kg 1115 s
ψE = 5.73◦ 30355 kg 11610 kg 5872 kg 1022 s
next = 1 37204 kg 14230 kg 8081 kg 897 s
with a higher mass (r f = 0.6) required substantially more fuel mass to fly the trajectory but showed only a
small decrease in the trajectory specific impulse.
V. Design Optimization
Using Table 3 it is possible to select a smaller set of design variables for which to perform an optimization.
Two of the parameters that had a large effect on the specific impulse were design Mach number (Mdesign)
and robustness to changes in Mach number (Mrobust).
Figure 8 shows a contour of the trajectory specific impulse for a range of possible designs constructed
by changing these two parameters. Many of the possible geometries were not able to fly the entire trajectory,
and the resulting constraints are shown by black curves in Fig. 8.
In this work, a grid of possible designs (shown by purple and green points in Fig. 8) were considered
individually, and the optimization was performed on a surrogate constructed from those results. It was found
that the optimum vehicle design was one with no designed robustness to Mach number and designed for a
Mach number in the middle of the trajectory (large green circle in Fig. 8).
A comparison of the baseline and optimized vehicle geometries is shown in Fig. 9, and an overlay of the
two inlet designs is shown in Fig. 10. From Fig. 10 it can be seen that the optimized inlet has steeper inlet
ramp angles. As a result, that design has more lift from the inlet, and the vehicle can fly at a lower angle of
attack. Therefore even though the inlet may have less efficient operation, the total vehicle performance is
higher due to the reduced drag resulting from the lower angle of attack.
To separate the effects of inlet robustness and inlet compression, Fig. 11 contains designs with varying
design Mach number, robustness, and inlet compression ratio. Designs with the same maximum design
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Figure 8. Contours of rocket-equivalent specific impulse (Isp) in blue. Points used for surrogate are shown in green and
purple. The optimum feasible design (Mdesign=9.5, Mrobust=0) is circled.
MAX-1
Optimized design, Mdesign = 9.5, Mrange = 0
Figure 9. Optimized vehicle result overlayed with MAX-1.
MAX-1
Optimized design, Mdesign = 9.5, Mrobust  = 0
Figure 10. Comparison of MAX-1 and optimized inlet designs.
Mach number (Mmax) are given the same symbol, and designs with the same inlet compression ratio (when
flying at a Mach number equal to Mmax) have matching colors. The remaining design parameter, which is
the minimum design Mach number (Mmin), is the horizontal axes of Figs. 11a and 11b.
Figure 11a shows that even when the effect of robustness on compression is properly accounted for
(designs with the same rp and Mmax values have the same compression at the same Mach number), increases
robustness is associated with slightly decreased performance. This is somewhat difficult to see from the
figure, but designs further to the right are designed for less robustness. For example, triangles with Mmin=12
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a) First set of designs with varying compression ratio (rp).




























b) Refined design set.
Figure 11. Rocket-equivalent specific impulse (Isp) for designs with varying design Mach numbers and compression ratio.
and circles with Mmin=10 have no design robustness. However, unlike in Fig. 8, the effect of robustness
is much weaker than the effect of the other two design variables. For some of the curves, a slightly robust
inlet performs better than the Mmin=Mmax design. As far as selecting new designs to further increase the
performance, the trends from Fig. 11a are that
1. lower values of Mmax are favorable;
2. a small (or zero) amount of robustness yields the highest specific impulse;
3. higher compression is usually favorable; and
4. high compression decreases the chances that the design can fly the whole trajectory.
This led to the selection of second set of values for the three design variables. The values for the max-
imum design Mach number (Mmax) are 9, 10, and 11. The lowest of these, Mmax=9, is the most interesting
because Fig. 8 shows that such designs are very close the constraint where the vehicle either can or cannot
fly the trajectory to Mach 13. The compression ratio varies from 80 to 100, using 100 as an upper constraint
as it roughly corresponds to a combustor entrance static pressure of 2 atm.
12 of 16
American Institute of Aeronautics and Astronautics
Fig. 11b shows that only a few of the Mmax=9 designs that were tried successfully flew the trajectory, but
these included the four highest-performing designs. Although the general trend was that efficiency increased
with higher compression ratios (rp), the constraints led to a design with lower compression being the best
performer. Compared to the performance of the original MAX-1 design, the specific impulse has increased
from 660 s to 949 s. Of the three design variables considered, the optimized design had none equal to the
minimum or maximum value allowed. However, there was an active constraint; a slight increase in inlet
compression or a slight decrease in Mmax would lead to a vehicle that could not fly the trajectory. It appears
from the cases investigated here that this type of constraint is very likely to be active when optimizing a
scramjet-propelled vehicle. Because the connected curves in Fig. 11 are relatively flat, it appears that an
inlet that avoids detrimental shock interactions over much but not all of the trajectory is favorable when
practical considerations are made. Such considerations include atmospheric variation, ability to fly slightly
altered trajectories, and, most importantly, model uncertainty. Some of the conclusions regarding the specific
design are strongly dependent on the trajectory and mission being considered, which is statement typical of
most aerospace vehicles.
VI. Dual-Mode Considerations
In order to operate at lower Mach numbers, conceptual air-breathing hypersonic vehicles often have dual-
mode engines. In addition to the scram mode (supersonic combustion ram mode) considered in the previous
sections, these engines can operate in the ram mode, in which the flow speed is less than the local speed
of sound where the fuel is injected. Although the distinction between subsonic combustion and supersonic
combustion may seem like a subtle one, it can have a profound effect on performance. For the class of
engine geometries considered here (see Fig. 2b), the MASIV model predicts a discontinuous performance
at the point of transition between these two modes.
While designing an engine geometry that avoids or attenuates this behavior is perhaps essential for an
operational vehicle, there is also the question of how to design a trajectory for a vehicle with it. In the case
of the MAX-1 vehicle (and those with related engine geometries consisting of a single fuel injection port
and a constant-area combustion section followed by an expanding section), the thrust is about 25% higher
in ram mode than scram mode (for the same amount of fuel).
Figure 12 shows the result of two trajectory optimizations (for a fixed vehicle) with the constraint of
constant dynamic pressure removed. Both trajectories accelerate from Mach 4.5 to 7.0, and both contain
a transition from ram mode to scram mode (labeled MRS in Fig. 12). The difference between the two
trajectories is that one of them, trajectory A, has unconstrained altitude at both the start (M=4.5) and end
(M=7.0) points while trajectory B is constrained to have a dynamic pressure of 100 kPa at the start and end
points.
While the engine ostensibly performs better at lower altitudes in both modes, both optimized trajectories
contain segments of flight at higher altitudes (equivalently, lower dynamic pressures). The reason for this
behavior is to prolong the period of ram-mode operations. Considering two flight conditions with the same
Mach number but different altitudes, the higher-altitude condition results in less air entering the engine, and
thus thermally choking is more likely to occur. By prolonging the ram-mode operation, the overall fuel
consumption decreases, even though at the lower Mach numbers ram-mode flight at lower altitude would be
more efficient. Among other things, this means that the optimized trajectory to accelerate from Mach 4.5
to Mach 5 would not be a segment of either trajectory A or B. Another interesting feature is that ram-scram
transition occurs during a dive in both optimized trajectories.
The primary reason for including these results is to illustrate how sensitive the result of a design op-
timization can be to the choice of objective function for air-breathing hypersonic vehicles. Scram-only
trajectories are typically much easier to analyze, but most practical scramjet vehicles are likely to have dual-
mode engines. Therefore, although the general statements about inlet design may be useful for hypersonic
vehicles in general, the trajectory optimization problem considered in this section is more representative of
the considerations that will apply to an operational vehicle.
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a) Altitude (h). Ram-scram transition is marked for both tra-
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Figure 12. Comparison of two optimized trajectories without constant dynamic pressure constraint. The initial (M = 4.5)
and final (M = 7) dynamic pressures are constrained to 100 kPa for trajectory B.
VII. Conclusions
Design optimization is performed for an air-breathing hypersonic vehicle simultaneously considering geo-
metric design and acceleration as decision variables. Optimum trajectories were shown to favor high accel-
erations, which can be limited for two different reasons. At lower Mach numbers, the maximum acceleration
is largest acceleration that can be maintained without causing thermal choking in the combustor. At high
Mach numbers, the optimization selects the acceleration such that all of the oxygen available that enters the
engine is consumed. This often requires injecting fuel at equivalence ratios much higher than unity, and
combustion efficiencies decrease as the Mach number increases.
Designs that have a high contribution of lift in the inlet were shown to improve overall fuel efficiency
of the vehicle for an ascent trajectory from Mach 7 to Mach 13. The optimized inlet geometry was one with
inefficient performance at the lowest and highest Mach numbers but very high performance around Mach 8
to 10. However, some of the non-robust designs were not able to fly the prescribed trajectory. This suggests
an intricate trade off between robustness, performance, and feasibility.
In addition, an introductory look at trajectory optimization for dual-mode engines is presented. An
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interesting aspect of the resulting trajectory is that its ram-mode and scram-mode phases would not be
optimal for either a ram-only or scram-only trajectory, respectively. Instead, the optimizer made a strategic
decision to select a trajectory that kept the vehicle in ram-mode longer to enhance total fuel consumption
at the expense of instantaneous fuel consumption. Such counterintuitive results are likely to be typical of
optimization applied to air-breathing hypersonic vehicles.
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